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As UAV autonomy progresses there is a growing need for trajectory planning capabil-
ities that offer time dependent reference states for the control algorithm. Taranenko’s
direct method is one such approach. The method allows the decoupling of the space
and time requirements. Furthermore, by using dynamic inversion, the decision vari-
ables operate in the output space making obstacle avoidance and more straightfor-
ward. The use of dynamic inversion makes it possible to determine not only the
near-optimal trajectory but also the state and control histories without having to
solve the integral equations. This makes the method fast enough for for realtime
online trajectory optimization. This paper introduces the approach and gives some
examples of the work at Cranfield University using this technique for both rotary and
fixed wing aircraft. Full dynamic models are used for simulation and validation of the
algorithm.
Introduction
Consider the example of a fleet of UAV’s landing
on a carrier shown below. The fleet of UAV’s
is required to break formation, and each vehicle
must meet the top of the glideslope in turn so
there is no conflict between the vehicles. Clearly
this requires coordination of the vehicles in both
time and space.
Let us look at how we state the problem in a
general way that can satisfy most of the typical
trajectory planning problems we may encounter
in trying to build an autonomous system.
Generally we are looking to determine some
vehicle trajectory from a known initial state to
some other state (or set of states) such that some
cost function is minimized (or at least made
“small enough”). From this optimal trajectory,
we need to be able to determine the control that
achieves this trajectory. The problem can be




subject to x˙ = f (x, u), y = g(x, u),
x(0) = x0, x(tf) = xf , x ∈ X , y ∈ Y
Taranenko’s direct method is an approach that
makes such problems solvable in near real time.
It assumes polynomial trajectories defined using
virtual length this decouples time and space.
The initial and final constraints are satisfied alge-
braically, and the decision variables are typically
the initial and final vehicle “jerk”. By using dy-
namic inversion, there are no integral equations
to be solved. The small number of decision vari-
ables and iteration loops means that standard
non-linear programming can find feasible trajec-
tories rapidly enough for real time implementa-
tion.
The solution to the problem are state and
control trajectories. A feedback controller is
required to account for the uncertainties and
unmodelled dynamics in the vehicle model
and for the disturbances that will impinge on
the vehicle. An example of an architecture
for a quadrotor UAV is shown below, where
x(t) is the measured vehicle state, u(t) are
the control inputs, xref(t) and uref(t) are the
optimal reference state and control respectively,
and are obtained via an interpolator from the
trajectory from the trajectory generator, Φ is
the cost function and Ω is the set of constraints.
The trajectory following controller, Kc, is an

















ref tx 1…100 Hz
0…0.01 Hz
Quadrotor UAV
The quadrotor is a small agile vehicle con-
trolled by the rotational speed of the four
rotors. It benefits from having very few con-
straints on motion and an ability to carry a
high payload. Furthermore, it is safe for in-
ternal flights with the use of ducted fans
instead of prop rotors. Its low cost and
simplicity mean that the quadrotor pro-
vides an excellent testing ground for ap-
plication of advanced control techniques on
UAVs. Several missions have been defined
for testing the scheme. Optimal trajectories
have been calculated for the missions and
tested in a full simulation of the quadrotor
that includes actuator dynamics, wind dis-






























Obstacle avoidance mission — the vehicle
must fly from the origin to the destination
































Unknown obstable avoidance problem
— the second obstacle was unknown to
the mission planner until the vehicle had
cleared the first obstacle making the origi-
nal reference trajectory infeasible. A new

































Mine shaft with mid-flight retargeting —
the vehicle initially determines a trajec-
tory to fly down a mineshaft with a pre-
determined time of arrival of 10 seconds.
However after 4 seconds the target moves,
which requires a new trajectory to be deter-
mined online. This mission demonstrates a
smooth transition for dynamic retargeting.
The initial drift from the reference speed
profile is due to a constant wind distur-
bance.
Aerosonde UAV
The Aerosonde UAV is required to rendezvous with a second
vehicle that has a predetermined flight-path. A PID autopilot
loop was designed to allow trajectory following in the presence of
model uncertainties and disturbances.
The target aircraft follows a circular trajectory of radius 1000 m.
The initial altitude of the Aerosonde is taken as sea-level. The
rendezvous with the lead aircraft at an altitude 100 m is shown
in the figures on the right. Using the MATLAB fmincon.m rou-
tine, the solution was obtained within 2 seconds on a 2600MHz
Pentium 4. This makes it feasible for real-time implementation.
The two figures show how the trajectory is quite different for dif-
ferent sets of initial conditions. The figure below shows the (sub)
optimal trajectory for the target aircraft at an altitude of 1000m.
This solution took 32 seconds to converge, but this needs to be
compared with a trajectory time of just over 7 minutes.
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